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XPA-Mediated Regulation of Global Nucleotide Excision
Repair by ATR Is p53-Dependent and Occurs Primarily in
S-Phase
Zhengke Li, Phillip R. Musich, Moises A. Serrano, Zhiping Dong, Yue Zou*
Department of Biochemistry and Molecular Biology, East Tennessee State University, J. H. Quillen College of Medicine, Johnson City, Tennessee, United States of America

Abstract
Cell cycle checkpoints play an important role in regulation of DNA repair pathways. However, how the regulation occurs
throughout the cell cycle remains largely unknown. Here we demonstrate that nucleotide excision repair (NER) is regulated
by the ATR/p53 checkpoint via modulation of XPA nuclear import and that this regulation occurs in a cell cycle-dependent
manner. We show that depletion of p53 abrogated the UV-induced nuclear translocation of XPA, while silencing of Chk1 or
MAPKAP Kinase-2 (MK2) had no effect. Inhibition of p53 transcriptional activities and silencing of p53-Ser15 phosphorylation
also reduced the damage-induced XPA nuclear import. Furthermore, in G1-phase cells the majority of XPA remained in the
cytoplasm even after UV treatment. By contrast, while most of the XPA in S-phase cells was initially located in the cytoplasm
before DNA damage, UV irradiation stimulated bulk import of XPA into the nucleus. Interestingly, the majority of XPA
molecules always were located in the nucleus in G2-phase cells no matter whether the DNA was damaged or not.
Consistently, the UV-induced Ser15 phosphorylation of p53 occurred mainly in S-phase cells, and removal of cyclobutane
pyrimidine dimers (CPDs) was much more efficient in S-phase cells than in G1-phase cells. Our results suggest that upon
DNA damage in S phase, NER could be regulated by the ATR/p53-dependent checkpoint via modulation of the XPA nuclear
import process. In contrast, the nuclear import of XPA in G1 or G2 phase appears to be largely independent of DNA damage
and p53.
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The DNA damage checkpoints survey the structural integrity of
genomic DNA and coordinate multiple cellular pathways to
ensure timely and efficient removal of DNA damage. The ATM
(ataxia telangiectasia mutated)- and ATR (ATM- and RAD3related)-mediated checkpoint pathways are two major genome
surveillance systems in human cells. Both ATM and ATR are
protein kinases belonging to the phosphoinositide 3-kinase-like
kinase (PIKK) family. These pathways are comprised of a series of
DNA damage sensors, signal mediators and transducers, and
downstream effectors [1,2,16]. Checkpoint kinase-1 (Chk1), p53,
and MAPKAP Kinase-2 (MK2) are the three main downstream
checkpoint proteins that can be directly or indirectly activated by
ATR following UV irradiation [17,18,19].
ATR can be activated by genotoxic agents that cause replication
stress associated with accumulated RPA (Replication Protein A)coated ssDNA [20]. In our previous studies, we found ATR and its
kinase activity to be required for modulating translocation of
cytoplasmic XPA into the nucleus upon UV-DNA damage [21].
Consistently, ATR was reported to be required for maintaining
NER activity primarily during S phase in human cells [22]. When
XPA translocation is inhibited by disruption of the ATR-XPA
interaction in the nucleus, DNA repair efficiency is significantly
reduced [23]. Regulation of nuclear import is necessary for timely
localization of the repair proteins that participate in DNA repair
[24]. These findings lead us to propose that ATR regulation of the

Introduction
The human genome is under constant threat of damage from
exogenous genotoxic pollutants and carcinogens. Removal of
DNA damage requires the dual action and coordination of cell
cycle checkpoints and DNA repair machineries in each phase of
the cell cycle [1]. The nucleotide excision repair (NER) pathway is
the primary mechanism in cells for the removal of helix-distorting,
replication-blocking DNA adducts induced by exogenous agents
such as UV radiation and a variety of genotoxic chemicals [2]. In
humans, defects of NER lead to the clinical disorder Xeroderma
pigmentosum (XP) which is characterized by an increased sensitivity
to UV radiation and a predisposition to the development of skin
cancers [3,4]. It remains elusive how NER is regulated by DNA
damage checkpoints throughout the cell cycle.
The Xeroderma pigmentosum group A protein (XPA) is one of
eight factors that were found to be deficient in XP disorders [5,6],
and the XPA-deficient cells exhibit the highest UV sensitivity
among the XP cells [7]. XPA is an indispensable factor for both
the transcription-coupled NER (TC-NER) and global genome
NER (GG-NER) [8,9]. NER can be regulated by transcriptional
and post-transcriptional control of the XPA protein [10,11,12].
Functionally, XPA is believed to play roles in verifying DNA
damage, stabilizing repair intermediates, and recruiting other
NER factors to the damage site [13,14,15].
PLoS ONE | www.plosone.org
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XPA nuclear import may directly coordinate the ATR checkpoint
activity with NER. However, the question as to whether the ATRregulated nuclear import of XPA upon DNA damage is cell-cycle
specific remains to be addressed.
In the current work, we demonstrate that UV-induced XPA
nuclear import is cell cycle dependent and happens primarily in
the S-phase, which may contribute to the ATR-regulated NER
process. We also identified p53 as the ATR-regulated downstream
protein required for the UV-induced XPA nuclear import and the
removal of UV-DNA damage.

NaCl, 1 mM EDTA, 1% Triton X-100, 16 protease inhibitor
cocktail [Roche]). Then 26 SDS loading buffer was added to the
lysates and the mixtures were heated at 90uC for 10 min to
denature proteins. After running the samples in SDS-PAGE,
proteins were transferred from the gel onto a PVDF membrane.
The membranes then were blocked with 5% nonfat milk in TBST
and probed with specific primary and secondary antibodies.
Chemiluminescence signal was captured with a Fuji Film LAS4000 camera, and Western blot images were processed with MultiGauge 3.0 software.

Methods

Cell synchronization, flow cytometry and BrdU
incorporation assay

Tissue culture, drugs and antibodies

Cells were synchronized by mitotic ‘‘shake off’’ as described
previously [26]. A549 cells were synchronized by seeding cells into
four 300 cm2 flasks and grown to ,70% confluence. Mitotic cells
were collected by physically shaking the flasks to dislodge the
loosely attached cells with monitoring by phase contrast
microscopy at 206 magnification. For synchronizing HeLa cells,
the cells were cultured in four 300 cm2 flasks and treated with
nocodazole at 100 ng/ml for 8 hours (to enrich the mitotic cells)
before shaking off. Collected mitotic cells then were seeded into
12-well or 6-well plates at 30–40% confluence and left to grow in
standard culture condition. The synchronization was confirmed
using BrdU labeling at each 4-hr time point after ‘‘shake off’’ and
by flow cytometric cell cycle analysis after propidium iodide
staining of the nuclear DNA.
For propidium iodide staining, cells were fixed in 70% cold
ethanol for 1- to 16-hrs at 4uC. Fixed cells were centrifuged at
10,0006g for 10 sec to pellet the cells, and propidium iodide
solution (PBS with 20 ug/mL propidium iodide and 100 ug/mL
RNase (Invitrogen)) was added to re-suspend the cell pellet. The
resuspended cells were incubated for another 30 min at 37uC.
Stained cells then were analyzed using an Accuri C6 flow
cytometer or a BD Biosciences flow cytometer to assess the
DNA content. The cell synchronization results were processed by
FCS software.
BrdU incorporation was performed following the company’s
instructions (Cellomics) with a few modifications. Briefly, cells were
grown on coverslips and labeled with BrdU by adding the
nucleoside to a final concentration of 160 mM; the cells were
grown for an additional 15 min to label those in S phase. Cells
then were fixed with 4% paraformaldehyde solution before
treatment with permeabilization buffer. After blocking with 15%
BSA for 1 hr at room temperature, primary mouse anti-BrdU
antibody and fluorescence-conjugated secondary antibodies (Invitrogen) were used to detect BrdU incorporation. Stained cells
were visualized using 1006 magnification with fluorescence
microscopy.

The A549/LXSN (p53+) and A549/E6 (p532) cells were gifts
from Dr. Jeffrey L. Schwartz [25]. Cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. All cell lines were grown at 37uC, 5% CO2. UV-C irradiation
was performed using a 254 nm lamp at a flounce of 0.83 J/m2/
sec. For time course analysis cells, were incubated at 37uC, 5%
CO2 for the indicated amounts of time. For inhibition of p53
transcriptional activities, pifithrin-a (Sigma Chemical Co.) was
added into the culture medium at 30 mM and the cells incubated
for 20 hours. For Western blotting, primary rabbit polyclonal
antibody against XPA, mouse monoclonal antibody against
PARP, rabbit polyclonal antibody against p53, mouse monoclonal
antibody against Chk1, and goat anti-MK2 antibody were
purchased from Santa Cruz Biotechnology Co. A FITCconjugated primary mouse anti-actin antibody was obtained from
Sigma Chemical Co. The anti-actin and anti-PARP antibodies
were used in Western blots to confirm successful subcellular
fractionations and protein loadings.

RNAi and transfection
p53 and XPA siRNA duplexes were purchased from Santa
Cruz. MK2 siRNA and Chk1 siRNA duplexes were synthesized
by Genepharam using the following sequences: MK2 siRNA,
sense strand 59-UGACCAUCACCGAGUUUAUdTdT-39 and
antisense strand 59-AUAAACUCGGUGAUGGUCAdTdT-39;
Chk1 siRNA, sense strand 59-ACAGUAUUUCGGUAUAAUATT-39 and antisense strand 59-UAUUAUACCGAAAUACUGUTG-39. The p53 39-UTR siRNA duplexes were purchased
from QIAGEN Corporation. Plasmids of human wild-type p53 and
the Ser15Ala p53 mutant were gifts from Dr. Karen Vousden at the
Beatson Institute for Cancer Research, United Kingdom. The cotransfection of p53 39-UTR siRNA and p53 plasmids was done with
LipofectamineTM 2000 (Invitrogen) by following the company’s
instructions. The siRNA transfection reagent was purchased from
Polyplus Transfection and were used following their instructions.
Briefly, cells were grown to 30–40% confluence and washed with
FBS- and antibiotic-free medium. siRNA duplexes were added to a
small volume of FBS- and antibiotic-free medium and incubated
with transfection reagent for 10 min. This siRNA/reagent mixture
then was added to cells in FBS- and antibiotic-free medium at a final
siRNA concentration of 5–10 nM. After 5–7 hours incubation,
concentrated FBS and antibiotic medium were added into the
transfection medium for further incubation. The cells were UVirradiated at either 48 or 72 hrs of post-transfection. For time course
experiments, siRNA-containing medium was removed for UV
irradiation and added back for further cell growth.

Subcellular fractionation
Subcellular fractionation was performed using the Proteo
JETTM cytoplasmic and nuclear protein extraction kit (Fermentas)
by following the procedures suggested by the manufacturer.
Briefly, 10 volumes of cell lysis buffer (with 16 protease inhibitors)
were added to 1 volume of packed cells. After a short vortexing
and incubation on ice for 10 min, cytoplasm was separated from
nuclei by centrifugation at 5006g for 7 min at 4uC. Isolated nuclei
were washed with 500 mL of the nuclei washing buffer and
collected by centrifugation. The collected nuclear pellets were resuspended in ice-cold nuclear storage buffer, and 1/10 volume of
the nuclear lysis reagents was added to lyse the nuclei with rotation
for 15 min at 4uC. Nuclear lysate was collected by centrifugation
at 20,0006g for 15 min at 4uC. In all of the fractionation

Immunoblotting
Cells were harvested by scraping or trypsin digestion, and resuspended in lysis buffer (50 mM Tris-HCl, pH 7.8, 150 mM
PLoS ONE | www.plosone.org
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experiments, Western blotting of b-actin and PARP were assessed
to check cytoplasmic and nuclear protein loading, respectively.

was disrupted in the p53-deficient cells as compared to the p53proficient cells.
We next examined the effect of transcriptional function of p53
on XPA nuclear import. A549 cells were pre-incubated with
pifithrin-a, a p53 transcriptional activation inhibitor, before the
UV treatment. As shown in Figure 1D, the presence of pifithrin-a
significantly reduced the UV-induced XPA nuclear import (the
nXPA/cXPA ratio) as compared to the DMSO-treated cells. The
data suggest that p53 may regulate the UV-induced nuclear
import of XPA through its transcriptional activity.

Immunofluorescence microscopy
For immunofluorescence microscopy of proteins, cells were
grown on coverslips before the initiation of experimental
treatments. After UV-C irradiation and specified recovery times,
the cells were fixed with 100% cold methanol and blocked with
15% BSA for 1 hr at room temperature. Proteins were detected
with primary antibodies and fluorescence-conjugated secondary
antibodies (Invitrogen). Cells on coverslips were coated with
prolong gold antifade reagent containing DAPI (Invitrogen) before
microscopic examination using 1006 magnification.

Neither Chk1 nor MK2 is required for UV-induced XPA
nuclear import
Chk1 is a downstream kinase substrate of ATR and may play an
important role in transducing damage signals in the ATR pathway
by phosphorylating p53. MAP kinase-activated protein kinase 2
(MAPKAPK2 or MK2) is another downstream kinase of ATR.
The p38-MK2 pathway recently was identified as an alternative
checkpoint in p53-deficient cancer cells [18]. It is of interest to
investigate whether Chk1 and/or MK2 are involved in the UVinduced nuclear translocation of XPA. To this end, A549 cells
were transfected with Chk1 or MK2 siRNA followed by
subcellular fractionation. The results in Figures 2A and 2B
indicate that neither Chk1 nor MK2 is required for the UVinduced XPA nuclear import as no difference of the import was
observed between the control siRNA- and the Chk1 or MK2
siRNA-transfected cells. Similar results also were obtained for cells
depleted of both Chk1 and MK2 (Figure 2C). By contrast, siRNA
knockdown of ATR in the A549 cells did significantly reduce the
UV-induced nuclear import of XPA (Figure 2C), confirming the
involvement of ATR/p53 checkpoint pathway in the regulation of
XPA nuclear import.

Slot-blot DNA Repair Assay
Cells were seeded at 16106 cells per 10 cm tissue culture dish
and allowed to grow for the indicated periods prior to UV-C
irradiation. After irradiation, cells were allowed to recover for the
indicated periods, followed by genomic DNA purification using
the QIAGEN DNA Mini Kit. The purified DNA was quantified
by measuring the light absorbance at 260 nm and diluted to
0.2 mg/mL in a final volume of 200 uL TE buffer. The DNA was
denatured by incubating at 90uC for 10 minutes, followed by
rapid chilling on ice water before adding an equal volume of 2 M
ammonium acetate. Samples were immobilized on a nylon
membrane and probed using monoclonal mouse anti-CPD or
anti-(6-4)PP antibodies (Kamiya Biomedical Co.).

Statistical analysis
The statistical analysis of samples was performed with a twotailed student’s t-Test, and a p-value of less than 0.05 was
considered as significant.

Results

UV-damage induced XPA nuclear import occurs primarily
in S-phase

UV-induced XPA nuclear import depends on p53

Next we addressed the question of whether the ATRdependent XPA nuclear import following DNA damage is cellcycle specific as is the ATR checkpoint [27]. To avoid any
physiological perturbation associated with drug treatments, A549
cells were synchronized by mitotic ‘‘shake off’’ as described
previously [26]. The collected mitotic cells were seeded into cell
culture dishes and maintained at standard culture condition to
generate a synchronized cell population for subsequent analysis.
The synchronization efficiency was assessed by propidium iodide
(PI) staining followed by flow cytometric analysis and by
assessing the BrdU-labeled cells under fluorescence microscopy
(Figure 3A). Based on the results, the 4-hour post-‘‘shake off’’
time point was selected as the G1 cell population (most cells with
a 2C DNA content and the lowest level of BrdU labeling); the
14-hour time point was selected as the S-phase cell population
(DNA content between 2C and 4C and highest BrdU labeling);
the 18-hour post ‘‘shake off’’ time point was selected as the G2
cell population (4C DNA content and low BrdU labeling). The
location of XPA molecules in the synchronized cell populations
was assessed using immunofluorescence [23]. Figure 3B shows
that in the G1 cells most of the XPA molecules were located in
the cytosol, and there was only a slight accumulation of XPA in
the nucleus after UV irradiation. By contrast, although most of
the XPA molecules were located in the cytosol in S-phase before
UV irradiation, they were imported into the nucleus after UV
treatment. Interestingly, in the G2 cell population most cells
showed significant levels of XPA in the nucleus either with or
without UV irradiation.

We previously demonstrated that UV-induced XPA nuclear
translocation is dependent on ATR [21]. Since p53 is a major
downstream substrate of ATR, it is of interest to determine if p53
is required for XPA nuclear import. Thus, cells were transfected
with p53 siRNAs. As shown in Figure 1A, the p53 silencing
inhibited the UV-induced nuclear import of XPA. In the control
siRNA-transfected cells, most of XPA molecules were imported
into the nucleus after DNA damage (compare the nuclear XPA-tocytoplasmic XPA (nXPA/cXPA) ratio in lanes 6 and 2 with the
ratio in lanes 5 and 1; also see the adjacent plot). By contrast, the
nXPA/cXPA ratio was significantly reduced in the cells with p53
depletion (Figure 1A). b-actin and PARP are cytoplasmic and
nuclear proteins, respectively, and were probed as controls to
indicate the quality of the cytoplasmic/nuclear protein fractionation. An immunofluorescence microscopy assay also was
performed and the same effect of p53 on the XPA nuclear import
in the cells was observed (Figure 1B). In the absence of DNA
damage, most XPA molecules were located in the cytosol of the
cells transfected with control siRNA, but were translocated into
the nucleus following UV irradiation. However, only a small
portion of cytosolic XPA was translocated into the nucleus in the
p53-silenced cells even after UV irradiation. To further confirm
these results, A549/E6 (p532) and A549/LXSN (p53+) cells were
employed. In A549/E6 (p532) cells, p53 is abrogated due to
overexpression of human papillomavirus type 16 E6 protein [25],
while in A549/LXSN (p53+) cells wild-type p53 is expressed. As
shown in Figure 1C, the UV-induced XPA nuclear translocation
PLoS ONE | www.plosone.org
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Figure 1. p53 is required for the XPA nuclear import upon UV irradiation. A, p53 was transiently knocked down with siRNA duplexes in
HeLa cells. After treatment with or without 20 J/m2 UV followed by a 2-hr recovery, subcellular fractionation and Western blotting were performed to
assess the re-distribution of XPA. b-actin and PARP were probed as cytoplasmic and nuclear protein controls, respectively. The quantitative data were
obtained from at least three independent experiments. nXPA/cXPA represents the ratio of nuclear XPA to cytoplasmic XPA. B, Immunofluorescence
microscopic analysis of cells transfected with control or p53 siRNA and with or without UV irradiation. C, A549/LXSN(p53+) and A549/E6(p532) cells
were mock- or UV-irradiated. Cytosol and nuclear fractions were collected and analyzed by Western blotting. D, A459 cells were pre-treated with
pifithrin-a (30 uM), an inhibitor of p53 transcriptional activity, for 20 hrs. After UV irradiation and a 2-hr recovery, the cells were analyzed for
subcellular localization of XPA. The * in the plots indicates a statistically significant (p,0.05) difference between the groups being compared.
doi:10.1371/journal.pone.0028326.g001

To determine whether this cell phase-specific translocation of
XPA is a general response, synchronized HeLa cells (Figure 3C,
left) were treated with or without UV and then subjected to
subcellular fractionation for analysis of subcellular localization of
XPA in each phase of cell cycle. Consistent with the observation in
the A549 cells, we found that in HeLa cells, the UV-induced XPA
nuclear translocation also occurs primarily in the S-phase (20 hrs
post ‘‘shake off’’) (Figure 3C, right). Similarly, in the G1 phase cells
(6 hrs post ‘‘shake off’’), most XPA remained in the cytoplasm
even after UV treatment, while in the G2 phase cells (28 hrs post
‘‘shake off’’), a large amount of XPA was found in the nucleus even
without UV damage.

UV-induced DNA damage could be more efficient in S phase cells
than in G1 phase cells. To confirm this, HeLa cells were mitotically
synchronized and the cells in either G1 or S phase were UVirradiated at a dose of 10 J/m2, followed by the indicated periods of
recovery (Figure 4A). As shown in Figure 4B, more CPDs were
generated in S phase than G1 phase cells following UV irradiation,
likely due to the more open chromatin structures in S phase than in
G1 phase (thus less protection of DNA from UV damage). As
expected, the repair rate of CPDs was much higher in S phase than in
G1 phase cells. In contrast, no difference in repair efficiency for 64PPs was observed between G1 and S phase cells (Figure 4B). It is well
known that 6-4PPs can be removed in cells within a few hours while
CPDs are the much persistent DNA damage that is responsible for
the UV-induced cell death in NER proficient cells [28]. It also is
known that 6-4PPs are the minor lesions induced by UV in cells as
compared with CPDs [29,30]. Since the repair of 6-4PPs is generally
so efficient, it is possible that the relatively low level of XPA in the
nuclei of G1 phase cells is adequate for efficient removal of the
relatively small quantity of 6-4PPs.

Repair of CPDs is significantly slower in G1 than in S
phase
As described above, the UV-induced XPA import occurs primarily
in S-phase cells, particularly in comparison with that in G1 phase
(Most of the XPA is located in the nucleus in G2 phase even in the
absence of DNA damage). Thus, it was expected that repair of the
PLoS ONE | www.plosone.org
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Figure 2. Cell cycle checkpoint proteins Chk1 and MK2 are not required in the UV-induced nuclear import of XPA. A. siRNA duplexes
targeting Chk1 were transiently transfected into A549 cells, followed by mock or 20 J/m2 UV irradiation and a 2-hr recovery. The localization of XPA
was assessed using subcellular fractionation followed by Western blot analysis. PARP and b-actin proteins were probed as nuclear and cytoplasmic
protein controls, respectively. B. A549 cells were treated with MK2 or control siRNA, followed by UV irradiation. After a 2-hr recovery period, irradiated
cells were fractioned and analyzed by Western blotting. C. Chk1 and MK2 were simultaneously knocked down by Chk1 and MK2 siRNAs, or ATR was
knocked down by ATR siRNA. Then, the UV-induced XPA nuclear import in these cells was assessed by fractionation and Western blotting.
doi:10.1371/journal.pone.0028326.g002

induced XPA nuclear import. For this purpose, the endogenous
p53 in A549 cells was depleted using 39UTR siRNA while the cells
transiently expressed recombinant siRNA-resistant wild-type p53
or S15A-mutant p53. The deficiency of the Ser15 phosphorylation
in the p53-S15A construct-transfected cells was confirmed by
Western blotting (Figure 5B). Also shown in Figure 5B, the UVinduced XPA nuclear import in the cells expressing p53-S15A was
significantly lower than in the cells expressing wild-type p53.

Phosphorylation of p53 on serine15 is required for the
UV-induced XPA nuclear import
Although our results showed that p53 is required for the XPA
nuclear import (Figure 1), it is unclear whether the requirement
involves the checkpoint activity of p53. Therefore, we examined
the effect of the phosphorylation of p53 at Ser15 on XPA nuclear
import. The p53 phosphorylation at Ser15 plays an important role
in ATR-dependent checkpoint signaling [2,19]. Consistent with
the observed cell phase-specific nuclear import of XPA induced by
UV, the UV-induced phosphorylation of p53 on Ser15 was found
to occur predominantly in the S-phase cell population (Figure 5A).
We next assessed the requirement of p53 serine15 for the UVPLoS ONE | www.plosone.org

Discussion
A precise regulation of DNA repair is essential for cells to
function normally in response to DNA damage. Given the key role
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Figure 3. DNA damage-induced XPA nuclear accumulation occurs primarily in S-phase. A. Mitotically-synchronized A549 cells grown for
the indicated time periods were stained with propidium iodide for analysis of the cell cycle distribution (Panel A, left) or labeled with BrdU to identify
synchronized S-phase cells (panel A, right). B. Immunofluorescence microscopic analysis of the subcellular localization of XPA in the synchronized
cells. Synchronized A549 cells were mock- or UV-treated (20 J/m2) and left to recover for 2 hrs. Cells were fixed and stained with primary and
fluorescence–conjugated secondary antibodies to determine the localization of XPA. At least 100 cells were examined, and the representative data is
shown. C. Left: Mitotically-synchronized HeLa cells were stained with propidium iodide followed by flow cytometric analysis. Right: Subcellular
fractionation followed by Western blotting was performed to analyze the subcellular localization of XPA in each phase of the cell cycle after UV
irradiation of synchronized HeLa cells. PARP and b-actin were probed as nuclear and cytoplasmic protein controls, respectively. At least three
independent experiments were performed and representative data is presented.
doi:10.1371/journal.pone.0028326.g003

phosphorylation are required for the UV-induced XPA nuclear
import (Figures 1 and 5). In fact, the Ser15 phosphorylation of p53
has been shown to stimulate the transcriptional functions of p53
through its increased association with p300 co-activator [37,38,39]
and stabilization via disruption of binding to MDM2 [40]. Thus,
the effect of p53-ser15 phosphorylation appears to converge with
that of the p53 transcriptional activation inhibitor pifithrin-a. The
Ser15 of p53 can be phosphorylated either directly by ATR or by
ATR-activated Chk1 in response to UV irradiation [2,17,19,41].
Since Chk1 was not required for UV-induced XPA nuclear import
(Figure 2), ATR kinase may directly phosphorylate p53 for
transcriptional activation of the XPA nuclear translocation. Given
that p53 activates transcription of multiple genes involved in
numerous cellular processes [42], it is possible that p53 may
enhance the transcription of the genes involved in XPA trafficking
from cytoplasm to nucleus [43,44]. More recently, studies have
showed that the transcription factor E2F1 plays a role in
facilitating the recruitment of XPA and other NER factors to
the UV-induced DNA damage sites and this appears to be
mediated by ATM- and ATR-dependent phosphorylation of E2F1

of XPA in NER, results from our previous [21,23] and current
studies suggest that the ATR-dependent regulation of the damageinduced XPA nuclear import may represent a novel mechanism
by which NER activity can be regulated by DNA damage
checkpoints. Here we found that this regulation occurs primarily
in S-phase, which well reflects the fact that DNA is most
vulnerable to insult in S-phase in terms of maintaining genome
integrity. This also is consistent with the recent report that ATR
kinase is required for GG-NER exclusively during S phase [22].
We also examined whether any of the major downstream
checkpoint substrates of ATR such as p53, Chk1 or MK2, is
involved in the regulation of the UV-induced XPA nuclear import.
Our results indicate that the XPA nuclear import is dependent on
p53 in cells responding to UV damage, but neither Chk1 nor
MK2 are required for this XPA nuclear translocation (Figure 2).
The results suggest a regulatory role of p53 in NER, which is in
agreement with previous studies [31,32,33,34,35,36]. We found
that not only is the p53 protein itself necessary (as shown in the
siRNA knockdown experiments), but also the transcriptional
function of p53 and the damage signaling via p53-ser15
PLoS ONE | www.plosone.org
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Figure 4. Removal of UV-induced DNA damage in G1- and S-phase cells. A. Mitotically-synchronized HeLa cells were fixed and stained with
propidium iodide at the indicated time points following the mitotic ‘‘shake off’’. The cell cycle distribution then was analyzed by flow cytometry. Cells
at G1 (at the 6 hours post-‘‘shake off’’) or S (20 hours post-‘‘shake off’’) phase, were UV irradiated at 10 J/m2, followed by a recovery of 24 hours. B.
Cells at G1 or S phase were UV irradiated at 10 J/m2, followed by the indicated periods of repair. Cellular DNA were isolated and the removal of CPDs
and 6-4PPs was measured by slot-blot assay. The amounts of CPDs or 6-4PPs were normalized to the values at zero hour and quantified based on
three independent measurements.
doi:10.1371/journal.pone.0028326.g004

PLoS ONE | www.plosone.org
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Figure 5. Phosphorylation of p53 is required for the UV-induced XPA nuclear import. A. Mitotically synchronized A549 cells were mocktreated or irradiated with 20 J/m2 of UV-C, and allowed a 2-hr recovery before accessing the phosphorylation of p53 at Ser15 by Western blotting. B.
Constructs for expressing human wild-type p53 or the S15A mutant of p53 were co-transfected with p53 39-UTR siRNA into A549 cells. 72 hours after
transfection, the A549 cells were mock- or UV (20 J/m2)-treated and allowed a 2-hr recovery. The UV-induced phosphorylation of p53 and the XPA in
the nuclear fraction then were analyzed by Western blotting. The right panel shows the efficiency of siRNA knockdown of endogenous p53 and the
level of recombinant p53 in the cells co-transfected with p53 39-UTR siRNA and p53-WT constructs.
doi:10.1371/journal.pone.0028326.g005

at Ser31 [45,46]. Evidently, future investigation is needed to
identify the p53-regulated transcriptional targets involved in the
protein nuclear import process.
In contrast to the case in S phase, most of the XPA molecules
remained in the cytoplasm of G1-phase cells after UV irradiation,
while XPA normally accumulated in the nucleus in G2 phase cells
even without DNA damage. In addition, the level of UV-induced
Ser15-phosphorylation of p53 was much lower in G1- and G2phase cells than in S-phase cells (Figure 5A). These results suggest
that the UV-induced XPA nuclear import happens predominately
in S phase (Table 1), while the XPA nuclear import in G1 and G2
phases is largely, if not fully, independent of UV irradiation and
p53. Consistently, DNA repair of UV-induced CPDs was much
more efficient in S phase than in G1 phase (Figure 4). Also
interestingly, it was previously demonstrated that p53 deficiency
had a negative impact on GG-NER but not on TC-NER [31,33].
PLoS ONE | www.plosone.org

Given the indispensable role of XPA in both GG-NER and TCNER, the observation of a p53 requirement for the UV-induced
XPA nuclear import in S-phase cells implies that the TC-NER
may predominately occur in other cell cycle phases in a p53independent manner. Consistently, the rate of transcription is
generally low during S phase except the transcription for histone
production.
Compared to the UV-induced XPA nuclear translocation in S
phase, the subcellular distributions of XPA in the absence and
presence of UV are very different in G1 and G2 phases. In typical
human cells, G1 phase lasts much longer than S phase and the G1phase cells do not experience a replication pressure requiring a fast
repair of DNA damage. Thus, it is possible that the relatively lower
rate of NER could be sufficient for timely removal of DNA
damage by the end of G1 phase. In addition, the G1/S DNA
damage checkpoint also could prevent cells from entering S phase
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damage in G2. It may also implicate a possible role of XPA in G2
maintenance or G2/M checkpoint regulation of the normal cell
cycle. Indeed, depletion of XPA protein in cells changed the
population distribution of cells in the cell cycles (data not shown).
Although the potential role of XPA in normal cell cycle is of
interest, it is out of scope of this study and deserves further
investigations.

Table 1. Subcellular localization of XPA in the presence and
absence of UV irradiation.

Interphase

+UV

2UV
Cyto
a

Nucl

Cyto

Nucl

G1

+++++

+

++++

++

S

+++++

+

+

+++++

Acknowledgments

G2

+

+++++

+

+++++

We gratefully acknowledge Dr. Karen Vousden and Dr. Jeffrey L.
Schwartz for kindly providing experimental reagents and Dr. Chengjie Ma
for technical assistance.

a

The number of ‘‘+’’ indicates the proportional distribution of XPA in the cytosol
or the nucleus at individual parts of the cell cycle.
doi:10.1371/journal.pone.0028326.t001

Author Contributions
before the damage has been removed. In the case of G2 phase,
since XPA nuclear accumulation occurs even in the absence of
DNA damage, the accumulation is not a residual effect of an S
phase accumulation. This may imply a quick removal of DNA

Conceived and designed the experiments: YZ ZL PM. Performed the
experiments: ZL MS ZD. Analyzed the data: YZ ZL. Wrote the paper: ZL
YZ.

References
1. Branzei D, Foiani M (2008) Regulation of DNA repair throughout the cell cycle.
Nat Rev Mol Cell Biol 9: 297–308.
2. Sancar A, Lindsey-Boltz LA, Unsal-Kacmaz K, Linn S (2004) Molecular
mechanisms of mammalian DNA repair and the DNA damage checkpoints.
Annu Rev Biochem 73: 39–85.
3. Kraemer KH, Lee MM, Andrews AD, Lambert WC (1994) The role of sunlight
and DNA repair in melanoma and nonmelanoma skin cancer. The xeroderma
pigmentosum paradigm. Arch Dermatol 130: 1018–1021.
4. Kraemer KH, Lee MM, Scotto J (1987) Xeroderma pigmentosum. Cutaneous,
ocular, and neurologic abnormalities in 830 published cases. Arch Dermatol
123: 241–250.
5. Riedl T, Hanaoka F, Egly JM (2003) The comings and goings of nucleotide
excision repair factors on damaged DNA. Embo J 22: 5293–5303.
6. Park CJ, Choi BS (2006) The protein shuffle. Sequential interactions among
components of the human nucleotide excision repair pathway. Febs J 273:
1600–1608.
7. Niedernhofer LJ, Garinis GA, Raams A, Lalai AS, Robinson AR, et al. (2006) A
new progeroid syndrome reveals that genotoxic stress suppresses the somatotroph axis. Nature 444: 1038–1043.
8. Bohr VA, Smith CA, Okumoto DS, Hanawalt PC (1985) DNA repair in an
active gene: removal of pyrimidine dimers from the DHFR gene of CHO cells is
much more efficient than in the genome overall. Cell 40: 359–369.
9. Mellon I, Spivak G, Hanawalt PC (1987) Selective removal of transcriptionblocking DNA damage from the transcribed strand of the mammalian DHFR
gene. Cell 51: 241–249.
10. Kang TH, Reardon JT, Sancar A (2011) Regulation of nucleotide excision
repair activity by transcriptional and post-transcriptional control of the XPA
protein. Nucleic Acids Research 39: 3176–3187.
11. Kang TH, Lindsey-Boltz LA, Reardon JT, Sancar A (2010) Circadian control of
XPA and excision repair of cisplatin-DNA damage by cryptochrome and
HERC2 ubiquitin ligase. Proceedings of the National Academy of Sciences of
the United States of America 107: 4890–4895.
12. Fan W, Luo JY (2010) SIRT1 Regulates UV-Induced DNA Repair through
Deacetylating XPA. Molecular Cell 39: 247–258.
13. Yang Z, Roginskaya M, Colis LC, Basu AK, Shell SM, et al. (2006) Specific and
Efficient Binding of Xeroderma Pigmentosum Complementation Group A to
Double-Strand/Single-Strand DNA Junctions with 39- and/or 59-ssDNA
Branches. Biochemistry 45: 15921–15930.
14. Mer G, Bochkarev A, Gupta R, Bochkareva E, Frappier L, et al. (2000)
Structural basis for the recognition of DNA repair proteins UNG2, XPA, and
RAD52 by replication factor RPA. Cell 103: 449–456.
15. Batty DP, Wood RD (2000) Damage recognition in nucleotide excision repair of
DNA. Gene 241: 193–204.
16. Zhou BB, Elledge SJ (2000) The DNA damage response: putting checkpoints in
perspective. Nature 408: 433–439.
17. Helt CE, Cliby WA, Keng PC, Bambara RA, O’Reilly MA (2005) Ataxia
telangiectasia mutated (ATM) and ATM and Rad3-related protein exhibit
selective target specificities in response to different forms of DNA damage. J Biol
Chem 280: 1186–1192.
18. Reinhardt HC, Aslanian AS, Lees JA, Yaffe MB (2007) p53-deficient cells rely
on ATM- and ATR-mediated checkpoint signaling through the p38MAPK/
MK2 pathway for survival after DNA damage. Cancer Cell 11: 175–189.
19. Tibbetts RS, Brumbaugh KM, Williams JM, Sarkaria JN, Cliby WA, et al.
(1999) A role for ATR in the DNA damage-induced phosphorylation of p53.
Genes Dev 13: 152–157.

PLoS ONE | www.plosone.org

20. Bartek J, Lukas J (2007) DNA damage checkpoints: from initiation to recovery or
adaptation. Curr Opin Cell Biol 19: 238–245.
21. Wu X, Shell SM, Liu Y, Zou Y (2007) ATR-dependent checkpoint modulates
XPA nuclear import in response to UV irradiation. Oncogene 26: 757–764.
22. Auclair Y, Rouget R, Affar el B, Drobetsky EA (2008) ATR kinase is required
for global genomic nucleotide excision repair exclusively during S phase in
human cells. Proc Natl Acad Sci U S A 105: 17896–17901.
23. Shell SM, Li Z, Shkriabai N, Kvaratskhelia M, Brosey C, et al. (2009)
Checkpoint kinase ATR promotes nucleotide excision repair of UV-induced
DNA damage via physical interaction with xeroderma pigmentosum group A.
J Biol Chem 284: 24213–24222.
24. Knudsen NO, Andersen SD, Lutzen A, Nielsen FC, Rasmussen LJ (2009)
Nuclear translocation contributes to regulation of DNA excision repair activities.
DNA Repair (Amst) 8: 682–689.
25. Rasey JS, Grierson JR, Wiens LW, Kolb PD, Schwartz JL (2002) Validation of
FLT uptake as a measure of thymidine kinase-1 activity in A549 carcinoma cells.
J Nucl Med 43: 1210–1217.
26. Schorl C, Sedivy JM (2007) Analysis of cell cycle phases and progression in
cultured mammalian cells. Methods 41: 143–150.
27. Niida H, Nakanishi M (2006) DNA damage checkpoints in mammals.
Mutagenesis 21: 3–9.
28. Lima-Bessa KMd, Armelini MG, Chiganças V, Jacysyn JF, AmaranteMendes GP, et al. (2008) CPDs and 6-4PPs play different roles in UV-induced
cell death in normal and NER-deficient human cells. DNA Repair (Amst) 7:
303–312.
29. Vreeswijk MP, van Hoffen A, Westland BE, Vrieling H, van Zeeland AA, et al.
(1994) Analysis of repair of cyclobutane pyrimidine dimers and pyrimidine 6-4
pyrimidone photoproducts in transcriptionally active and inactive genes in
Chinese hamster cells. J Biol Chem 269: 31858–31863.
30. Besaratinia A, Yoon J-i, Schroeder C, Bradforth SE, Cockburn M, et al. (2011)
Wavelength dependence of ultraviolet radiation-induced DNA damage as
determined by laser irradiation suggests that cyclobutane pyrimidine dimers are
the principal DNA lesions produced by terrestrial sunlight. The FASEB Journal
25: 3079–3091.
31. Ford JM, Hanawalt PC (1995) Li-Fraumeni syndrome fibroblasts homozygous
for p53 mutations are deficient in global DNA repair but exhibit normal
transcription-coupled repair and enhanced UV resistance. Proc Natl Acad
Sci U S A 92: 8876–8880.
32. Ford JM, Hanawalt PC (1997) Expression of wild-type p53 is required for
efficient global genomic nucleotide excision repair in UV-irradiated human
fibroblasts. J Biol Chem 272: 28073–28080.
33. Adimoolam S, Ford JM (2002) p53 and DNA damage-inducible expression of
the xeroderma pigmentosum group C gene. Proc Natl Acad Sci U S A 99:
12985–12990.
34. Wang XW, Yeh H, Schaeffer L, Roy R, Moncollin V, et al. (1995) p53
modulation of TFIIH-associated nucleotide excision repair activity. Nat Genet
10: 188–195.
35. Tan T, Chu G (2002) p53 Binds and activates the xeroderma pigmentosum
DDB2 gene in humans but not mice. Mol Cell Biol 22: 3247–3254.
36. Wang QE, Zhu Q, Wani MA, Wani G, Chen J, et al. (2003) Tumor suppressor
p53 dependent recruitment of nucleotide excision repair factors XPC and
TFIIH to DNA damage. DNA Repair (Amst) 2: 483–499.
37. Lambert PF, Kashanchi F, Radonovich MF, Shiekhattar R, Brady JN (1998)
Phosphorylation of p53 serine 15 increases interaction with CBP. J Biol Chem
273: 33048–33053.

9

December 2011 | Volume 6 | Issue 12 | e28326

Cell Cycle-Dependent Regulation of NER

43. Nitta M, Saijo M, Kodo N, Matsuda T, Nakatsu Y, et al. (2000) A novel
cytoplasmic GTPase XAB1 interacts with DNA repair protein XPA. Nucleic
Acids Res 28: 4212–4218.
44. Stewart M (2007) Molecular mechanism of the nuclear protein import cycle. Nat
Rev Mol Cell Biol 8: 195–208.
45. Guo RF, Chen J, Zhu F, Biswas AK, Berton TR, et al. (2010) E2F1 Localizes to
Sites of UV-induced DNA Damage to Enhance Nucleotide Excision Repair.
Journal of Biological Chemistry 285: 19308–19315.
46. Chen J, Zhu F, Weaks RL, Biswas AK, Guo RF, et al. (2011) E2F1 promotes the
recruitment of DNA repair factors to sites of DNA double-strand breaks. Cell
Cycle 10: 1287–1294.

38. Dumaz N, Meek DW (1999) Serine15 phosphorylation stimulates p53
transactivation but does not directly influence interaction with HDM2. Embo J
18: 7002–7010.
39. Zhang Y, Xiong Y (2001) A p53 amino-terminal nuclear export signal inhibited
by DNA damage-induced phosphorylation. Science 292: 1910–1915.
40. Shieh SY, Ikeda M, Taya Y, Prives C (1997) DNA damage-induced
phosphorylation of p53 alleviates inhibition by MDM2. Cell 91: 325–334.
41. Kastan MB, Bartek J (2004) Cell-cycle checkpoints and cancer. Nature 432:
316–323.
42. Green DR, Kroemer G (2009) Cytoplasmic functions of the tumour suppressor
p53. Nature 458: 1127–1130.

PLoS ONE | www.plosone.org

10

December 2011 | Volume 6 | Issue 12 | e28326

